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(54) TlUe: APPARATUS AND METHOD FOR PERFORMING MICROFLUTDIC MANIPULATIONS FOR CHEMICAL ANALYSIS 
AND SYNTHESIS 

(57) Abstract 

A microchip loboratory system ( 10) and method 
provide fluidic manipulations for a variety of applica- 
tions, including sample injection for microchip chemi- 
cal separations. The microchip is fabricated using stan- 
dard photolithographic procedures and chemical wet 46 
etching, with the substrate and cover plate joined us- 
ing dirca bonding. Capillary electrophoresis and clec- 
trochromaiography are perfomicd in channels (26. 28, 
30. 32, 34, 36. 38) formed in the substrate, Analytes 
arc loaded into a four-way intersection of channels by 
clcctTokinctically pumping the anaJytc through the in- 
tcracction (40), followed by a switching of the potcn- 
tiab to force an analytc plug into the separation chaimel 
(34). 
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APPARATUS AND METHOD FOR PERPORMING MICROFLUIDIC 
MANIPULATIONS FOR CHEMICAL ANALYSIS AND SYNTHESIS 

Thia invention was made with Govcniment support under contract 
DE-ACd5-84OR21400 awarded by the U.S. Department of EnerBy to Martin Marietta 
Energy Systems, Inc. and the Government has certain rights in this fawention. 

10 Flfl^ '^^^^ invention 

The present invention relates generally to miniature instmmentation for 
chemical analysis, chemical sensing and synthesis and. more spccifioOly. to electrically 
controlled manipulations of fluids in micromachincd channels. These manipulations can 
be used in a variety of applications, including the electrically controlled manipulation of 

15 Quid for capillary electrophoresis, liquid chromatography, flow injection analysis, and 
chemical reaction and synthesis. 

ttar<rprn» pd of the mvgntion 

Laboratory analysis is a cumbersome process. Acquisition of chemical 
20 and biochemical information requires expensive equipment, specialized labs and highly 
trained personnel For this reason, laboratory testing is done in only a fiaction of 
drcurastances where acquisition of chemical information would be use&l. A large 
proportion of testing in both research and clinical atuations is done with crude manual 
„«thods that are characterized by high labor costs, high reagent consumpuon, long 
25 turnaround times, relative impredsion and poor reprodudbiUt>-. The practice of 
techniques such as electrophoresis that are in widespread use in biology and medical 
laboratories have not changed significantly in thirty years. 

Operations that are performed in typical laboratory processes mcludc 
««cimen preparation, chemicalA5iochemical com-ersioos, sample fractionation, signal 
30 detection and data processing. To accompDsh these tasks, fiquids are often measured 
and dispensed with volumetric accuracy, mbced together, and subjected to one or sever.1 
different physical or chemical enviromnents that accomplish conversion or.firacuonation. 
In research, diagnostic, or development siuiations. these operations are earned oiu on a 
nacroscopic scale using fluid volumes in the range of a few microUcers to several hias 
35 at .time individual operations are performed in series, often using different speaalized 
equipment and instruments for scpomte steps in the orocass. Complications, d.fficulty 
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^ans have not met with success. Thi. u prinurily b«:au« pnxb. o^pulatioa of 
Z fluid volume, in extmndy narrow ciunnds ha, proven to be . dlfbcuh technolog«:aI 

One prominent field aiscepfble to muuaturaauon is capiflary 
dcctrophoresis. CapUlsrydectrophoresis has become a popular technique for separatk^ 
charged molecular spcdes in sohrtioa The technique is performed in smaD capillary 
tubes to reduce band broadening effects due to thennai convcaion and hence unprove 
resolving power. The smaD tubes imply that minute volumes of materials, on the order 
of nanoUters, must be handled to inject the sample into the «paration capillary tube. 

Current techniques for injection inchide elcctromigralion and sphomng ot 
sample from a container into a continuous scpar^ion, tube. Both of these t^hniques 
^ffer from relatively poor repro^udbility. and electromigration additionally suffers from 
clectrophoretic mobility-based bias. For both sampling techniques the mput oid of the 
analysis capillary tube must be transferred from a buffer reservoir to a reservcr holdmg 
5 the ample. Thus, a mechanic^ mampulatioa is invoked. For the siphomng ,nj«aoa 
the sample reserve", is raised above the buffer reservoir holdmg the e«t end of the 
caoiUary for a fixed length of time. 

An electromigration injection is effected by applying an appropnalely 
polarized electrical potential across the capillary tube for a given duration whde tiu. 
ZO Tn^ end of the capOla^ is the sample reservoir. This can lead to samplmg ba^ 
^se r ^spropo« larger quanUty of the species with l^gher e.ectrophor«. 
Cities mirrBic bto the tube. The capillary is removed from the sample reservocr and 
r^^j^-mto the ^trance buffer rc«^. after the injection duraton for both 

,3 A continuing need exists for methods and appantu^ which lead to 

improved electrophorctic resobtion and improved injection stabdity. 



30 
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"^^"'tfTl.. -.venUon provi.^ ^ochip ™ 
„«hcd5 *w comply bioche^ci „d chortcal procedure. ,o be condua^n . 

und« decide co^roL The ni^rochip Ubcr«or, .>«cnu coorpr^ . 
Jrm^ W-tus .rHnsporo maieri^ *ro"8b . sy^cn =f 

. mic.r,dup. The movemen, of the n-ateriab " pre«e^, drreaed 
n^del^cTeld. pLuced in Uk integrated dun-ds. The precis, coatro, 

needed to implement . desired biochemical or chemical procedure. 
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fint intcncction and toward the fomth reservoir .ftcr i selected vobr^ of auterial from 
the first mtersection is transpoited through the second mter3cct5on tov«rd the fourth 
rwervoir Such control can be used to pu^ the analyte plug further down the ,e^^ 
dunnd while CMbUng . «co»;d «uilytc plug to be hgectcd through the btt interaction. 
5 In another aspect, the microchip laboritoty system acts as a mtcrochip 

now control system to control the flow of matoial through an intersection fbrnied by 
integrated channels connecting at least four nsexvoirs. The micxuchip flow control 
system simuhaneously appBcs a controfled deorical potential to ai least three of the 
re^irt such that the volume of material transported from the first reservo.r to a 
,0 second reservoir through the intersection is «lcctively controlled soldy by the 
„«,vanent of a material from a third reservoir through the interaction. Preferably, the 
„ulen-al moved through the third reservoir to selectively control the material transported 
from the first reservoir is directed toward the same second reservoir ns the material from 
the first resavoir. As 5ud, the microchip How ecntrol system act. as a vaWe or a gate 
15 that selectively controls the voh,me of material transported through the intersection. 
The microchip flow control system can also be configured to act as a dispenser that 
prevents the first material from moving through the intersection toward the second 
reservoir after a selected vohame of the first material has passed through the intcrso^on. 
AltemaUvely. the microchip flow control system can be configured to act as a ddmer 
20 that mixes the first and second materials in the intersection in a manner ttet 
simultaneously transports the first and second materials from the intersection toward the 

second reservoir. ^ . ^ -u 

Other objects, advantages and salient features of the invention wiU 

become apparent from the following detailed description, which taken in conjunction 

25 with the annexed drawings, discloses preferred embod-iments of the ir.vention. 

B n-pfDwcrintiop n f the Drawing 

^^^Tgure lisaschemauc view of a preferred embodiment of the present 

Figure 2 is an enlarged, vertical sectional view of a diamiel shown; 
Figure 3 is a schematic, top view of a microchip according to a second 

preferred embodiment ofthe present invention; 

Figure 4 is an enlarged view ofthe interaction region of Figure 3. 

Figure 5 are CCD images of a plug of analyte moving through the 
35 inierscctionofihcFigurelOembodiment; 
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Figure 17(b) is an electropherogram of rtiodaminc B and fluorescein with 
t separation fidd strength ofl.i kV/cm and a separation length of 1.6 ram; 

Figure 17(c) is an dectrophcrognun of rhodamine B and fluorescein with 
a separation fidd strength of 1.5 kV/cm and a separation length ofi 1. 1 mm; 
5 Figure 18 is a graph showing variation of the number of plates per unit 

time as a function of the dcctiic fidd strength for rhodamine B at separation lengths of 
1.6 mm (cirdc) and ll.l mm (square) and for fluorescein at separziion lengths of 1.6 
mm (diamond) and 1 1.1 mm (triangle); 

Figure 19 shows a chromatogram of coumarins analyzed by 
10 dectrochromatography using the system of Figure 12; 

Figure 20 shows t diromatograra of coumarins resdting from micellar 
dectrokinetic capiUary chromatography using the sySOT of Figure 1 2; 

Figures 21(a) and 21(b) show the separation of three metal ions using the 

system of Figure 12; 

15 Figure 22 is a schematic, top plan view of a microchip according to the 

Figure 3 embodiment, additionally induding a reagent reservoir and reaaion dunnd; 

Figure 23 is a schematic view of the embodiment of Figure 20. showmg 

applied voltages; 

Figure 24 shows two dectropherograms produced using the Figure 22 

20 embodiment; 

Figure 25 is a schematic view of a microchip laboraloiy system according 
to a sixth preferred embodiment of the present invention; 

Figure 26 shows the reprodudbility of the amount injected for arginine 

and glycine using the system of Fgure 25; 
25 Figure 27 shows the overiay of three dectrophorctic scparadoas using 

the system of Figure 25; 

Figure 2S shows a plot of amounts injected versus reaction time using the 

system of Figure 25; j ^ 

Figure 29 shows an dcctropherograra of restriction fragments produced 

30 using the system of Figure 25; 

Figure 30 is a sdiemalic view of a microdiip Ubomtofy system according 
to a seventh preferred embodiment ofthc present invention. 

Figure 31is a schematic view of the apparatus of Figure 21. showing 
sequenlid applications of voltages to efitetde^edfluidicmampulations;^ 
35 Figure 32 is a graph showing the different voltages applied to effect the 

fluidic manipulations of Figure 23. 
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jiy^^yrff in more dcuU bdow. Each reservoir 12-22 U in fluid coinnmnication with a 
corrcspoixfing channel 26, 28, 30, 32, 34, 36, and 38 of the channd system 24. The first 
channel 26 leading from the first reservoir 12 is connected to llie second channel 28 
leading from the second reservoir 14 at a first intersection 38. Likewise, the third 
5 channd 30 from the thkd reservoir 16 is connected to the fourth chimnd 32 at a second 
intersection 40. The first intersection 38 is connected to the second imcrscction 40 by a 
reaction chamber or channd 42. The fifth channd 34 from the fifth reservoir 20 is also 
connected to the second intersection 40 such that the second intersection 40 is a (bur- 
way intersection of channds 30, 32, 34, and 42. The fifth channd 34 also intersects the 
1 0 sixth channd 36 from the sixth reservoir 22 at a third intcrscaion 44 

The materials stored in the reservoirs preferably arc tr^portcd 
elcctrokinctically through the channd system 24 in order to implement the desired 
analysis or synthesis. To provide such dectroldnedc transport, the laboratory system 10 
indudes a voltage controller 46 capable of applying sdcctable voluigc levels, including 
15 ground- Such a voltage controller can be implemented using multiple voltage dividers 
and multiple rdays to obtain the sdcctable vohage levels. The voluge controller is 
connected to an dcctrodc positioned m each of the six reservoirs 12-22 by voltage lines 
VI -V6 in order to apply the desired vohagcs to the materials in the reservoirs. 
Preferably, the vohage controller also includes sensor channds SI, S 2, and S3 connected 
20 to the first, second, and third intersecuons 38. 40. 44. respectivdy, in order to sense the 
voltages present at those intersections. 

The use of dcctrokinctic transport on miaominiaturized planar liquid 
phase separation devices, described above, is a viable approadi for sample manipulation 
and as a pumping mechanism for liquid chromatography. The present invention also 
25 entails the use of dectroosraotic flow to mix various fluids in a controlled and 
rcprodudblc fiwhion. When an appropriate fluid is placed in a tube made of a 
correspondingly appropriate material fimctional groups at the surface of the tube can 
ionize. In the case of tubing materials that arc terminated in hydrcxyl groups, protons 
wiU leave the surfece and enter an aqueous solvent. Under such conditions the surface 
30 will have a net negative charge and the solvent will have an excess of positive diarges, 
mostly in the charged double layer at the sur&cc. With the application of an dcctric 
fidd across the tube, the excess cations in solution win be attracte-J to the cathode, or 
negative electrode. The movement of these positive diarges through the tube will drag 
the solvent with them. The steady state vdodty is ghrcn by equation I. 

15 ---- 

35 Ann 
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volts per centimeter using present techniques of providing insulating layers), which niay 
provide insuflkaent dectrokinetic movcnwnL 

The channel pattern 24 is fbimcd in & planar airfece of the substrate using 
standard photolithographic procedures followed by chemical wet etching. The channel 
5 pattcm may be tiansfentd onto the substrate with a positive photoresist (Shipley 1811) 
and an e-bcam written chrome mask (Institute of Advanced Manufacturing Sciences, 
Inc.). The pattern may be cfaanicany etched using HF/NHJ^ solution 

After forming the channel pattern, a cover plate may then be bonded to 
the substrate using a durct bonding technique whereby the substrate and the cover plate 
10 surfaces arc first hydrolyzed in a dilute NH/)H/HA solution and then joined. The 
assembly is then annealed at about 500- C in order to insure proper adhesion of the 

cover plate to the substrate. 

Following bonding- of the cover plate, the resenrtjirs ire affixed to the 
substrate, with portions of the cover plate sandwiched therebetween, using epoxy or 
15 other suitable means. The reservoirs can be cyUndrical with open opposite axial ends. 
Typically, electrical contact is mide by placing . platinum wire electrode in each 
reservoir^. The electrodes are connected to a volUge controUer 46 which appUcs a 
desired potential to select electrodes, in a manner described in more detail below. 

A cross section of the first channel is shown in Figure 2 and is identical to 
the cross section of each of the other integrated chaiuuds. When using a norv^stalline 
material (such as glass) for the substrate, and when the channels are chemically wet 
etched, an isotropic etch occurs. the glass etches uniformly in all directions, and the 
resulting channel geometry is trapezoidal The traperoidal cro.^s section « due to 
•undercutting" by the chemical etching process at the edge of the photoresurt In one 
embodiment, the channel cross section of the ilhistrated embodiment has dunens,orv! of 
52 ^m in depth, 57 pm in width at the top and 45 jun in widtli at the bottom. In 
another embodiment, the channel has a depth "d" of lOpm, an upper widtl. "wl" of 
90um, and a lower width "wZ" of 70pm. 

An important aspect of the present inventioa is the controlled 
dect^kinctic transportation of materials through the channel system 24^ Such 
controlled electrokinetic transport can be used to dispense a selected amount of mateml 
from one of the reservoirs through one or more intersections of the channel structure 24. 
Alternatively, as noted above, selected amounts of materials fi^m two r^crvo.rs can be 
transported to an intersection where the materials can be m«cd m desrred 
35 concentrations. 



20 



25 



30 



wo 96/04547 



PCTAJS95A)9492 



13 



potential of the finrt reservoir 12A or the potcntiali it rcjcrvoirs 16A and/or 18 A, can be 
floated momentarily to provide the flow shown by the short dashed arrows in Figure 4. 
Under these conditions, the priroaxy flow will be from the first reservoir I2A down 
towards the separation dunnd waste reservoir 20A. The flow frnm the second and 
5 third reservoirs 16A, 18A wiD be small and could be in cither direction. This condition is 
held long enough to transport a desired amount of maierial from the first reservoir 12A 
through the intersection 40A and into the separation channel 34 A After sufficient time 
for the deared material lo pass through the intersection 40A, the voltage distribution is 
switched back to the orig^al vabes lo prevent additional material from the first reservoir 
10 12A from flowing through the intersection 40A toward the separation channel 34A- 

One application of such a "gated dispenser^ is to inject a controlled, 
variable-sized plug of analyte from the first reservoir 12A for electrophorctic or 
chromatographic separation in the separation channel 34A. In sudi a system, the first 
reservoir 12 A stores analyte, the second reservoir 16A stores an ioriic buffer, the third 
15 reservoir ISA is a first waste reservoir and the fourth rcscxvoir 20 A is a second waste 
reservoir. To inject a small variable plug of analyte irom the fir^ reservoir 12A, the 
potentials at the buffer and first vrastc reservoirs 16 A, ISA are simply floated for a short 
period of time (« 100 ras) to allow the analyte to migrate down the separation column 
34 A. To break off the injection plug, the potentials at the buffer reservoir 16A and the 
20 first waste reservoir ISA arc reapplied. Ahemativcly, the valving sequence could be 
effected by bringing reservoirs 16A and ISA to the potential of the inlcrsecdon 40A and 
then returning them to their original potentials. A shortfall of this niethod is that the 
composition of the injeacd pkig has an electrophorctic mobility bias whereby the faster 
migrating compounds are introduced prefenenftally into the separation column 34A over 
25 slower migrating compounds. 

In Figure 5, a sequential view of a plug of analyte moving through the 
intersection of the Figure 3 embodiment can be seen by CCD images The analyte being 
pumped through the laboratory system lOA was rhodamine B (shaded area), and the 
orientation of the CCD images of the injection cross or intcrscctior. is the same as in 
30 Figure 3. The first image, (A), shows the analyte being pumped through the injection 
cross or intersection toward the first waste reservoir ISA prior to ihe injection. The 
second image, (B). shows the analyte plug being injected into the separation column 
34A. The third image, (C). depicts the analyte plug moving away finm the injection 
intersection after an injection plug has been completely introduced into the separation 
35 column 34A. The potentials at the buffo and first waste rcservous 16A, 18A were 
floated for 100 ms while the sample moved into the separation column 34 A By the time 
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in the SisL and second channeb 26A, 30A need to be maintainrd higher than the 
potential of the intenccdon 40 A during mixing. Such polctdals vriU cause the materiab 
fixjm the first and lecond reservoirs 12A and 16A to liraultancously move through the 
intersection 40A and thereby mix the two malaiak. The potentiah applied at the first 
and second reservoirs 12 A, 16A can be adjusted is desired to achieve the selected 
concentration of each material. After dispensing the desired amoun-j of each material 
the potential at the second reservoir 16A may be increased in a nanner sufficient to 
prevent fiirthcr material torn the first reservoir 12A firrni being trani-ported through the 
intersection 40A toward the third reservoir 30A. 
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AnaMe Tniector 

Shown in Figure 6 is a microchip analyte injector lOB according to the 
present invention. The channel pattern 24B has four distinct channels 26B. 30B, 32B. 
and 34B micromachincd into a substrate 49 as discussed ibove. Each channel has an 
15 accompanying reservoir mounted above the terminus of ench channel portion, and all 
four channels intersea at one end in a four way intersection 40B. Tlic opposite ends of 
each section provide termini that extend just beyond the peripheral edge of a cover plaic 
49- mounted on the substrate 49. The analyte injector lOB shown in Figure 6 is 
substantially identical to the gated dispenser lOA except that the electrical potentials arc 
20 applied in a manner that injects a volume of material from reservoir 16V. through the 
intersection 40B rather than fi-om the reservoir 12B and the volume of material injected 
is controUed by the sze ofthc intersection. 

The embodiment shown in Figure 6 can be used for various material 
manipulations. In one application, the laboratoiy system is used to in ect an analyte from 
25 an analyte reservoir 16B through the intersccdon 40B for scparHicn in the separation 
channel 34B. The analyte injector lOB can be operated m either "lo«d" mode or a "mn" 
mode. Reservoir 16B is suppficd with sn anslyte and reservoir 12B with buffer. 
R«crvoir 18B acts as an analyte waste reservoir, and reservoir 20B acts as a waste 
reservoir. 

In the load" mode, at least two types of anal>ie introduction arc 
possible In the first, known as a -floating" loading, a potential is appUed to the analyte 
reservoir 16B with reservoir 15B grounded. At the same time, resen^oirs I2B and 208 
arc floating, meaning that they are neither coupled to the power source, nor grounded. 

The second load mode is "pinched' loading mode, wherein potentuls are 
35 simultaneously applied at reservoirs 12B, 16B. and 20B. with reservoir 18B grounded in 
order to control the injection plug shape as discussed in more detail below. As used 
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The two modes of loading were tested for the aiiaJy:e introduaion into 
the separatioa channel 34B. The aualyte " ^ reservoir 16B, «nd in 

both injection schemes was "transported" in the direction of reservoir 18B. a waste 
reservoir. CCD images of the two types of injections are depicted ia Figures 8(a)-«{c). 
5 Figure 8(a) schenuitically shews the intersection 40B, is well as the end portions of 
channdi 

The CCD image of Figure 8(b) is of loading in the pinched mode, just 
prior to being switched to the nm mode. In the pinched mode, ana'.yte (shown as white 
against the dark bacJcground) is pumped electrophoreticany and eieclroosmotically from 
10 reservoir 16B to reservoir 188 Ocft to right) with buflfer finom the buffer reservoir I2B 
(top) and the waste reservoir 20B (bottom) traveling toward rescrvcir 18B (right). The 
voltages applied to reservoirs 12B. 163. 18B. and 20B were 90%. 90%. 0. and 100%. 
rcspcctively. of the power supply output which correspond to electric 5dd strengths in 
the corresponding channels of 400. 270. 690 and 20 V/cm. rcspeclively. Although the 
1 5 voltage appDed to the waste reservoir 20B is higher than voluge appUed to the analytc 
reservoir 18B, the additional length of the separation channel 343 compared to the 
analyte channel 30B provides additional electrical resistance, and thus the flow from the 
analytc buffer 16B into the intersection predominates. Consequents^ the analytc in the 
injection cross or intersection 40B has a trapezoidal shape and is spatially constricted in 
20 the channel 32B by this material transport pattern. 

Figure 8(c) shows a floating mode loading. The analyte is pumped from 
reservoir 16B to 18B as in the pitched injection except no pot:ntial is appUed to 
reservoirs 12B and 203. By not controlling the flow of mobile phas.: (buffer) in channel 
portions 26B and 343, the analyte is free to expand into these channels through 
25 convcctive and diffiisive flow, thereby resulting in an extended injection plug. 

When comparing the pinched and floating injections, the pinched injection 
is superior in three areas: temporal stabffity of the injected volume, the precision of the 
irgected volume, and plug length. When two or more analytes ;vith vastly different 
mobilities are to be analyzed, an injection with temporal stability insures that equal 
volumes of the faster and slower moving analyses are introduced into the separation 
column or channel 343. The high reprodudbiUty of the injection volume fec.hutes the 
ability to perform quantitative analysis. A smaller plug length leads to a h,gher 
separation eff.dency and, consequenUy. to a greater component capaaty for a given 
instrument and to higher speed separatiooa. 

To determine the temporal stabflity of each mode, a scnes of CCU 
fluorescence images were collected at 1.5 second intervals starting just prior to the 
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elements of Figure I. The microchip Uboratoiy lystcm IOC is sir.iilar to laboratoiy 
systems 10, lOA, and lOB dcscnbed previously, in that an injection aosi or intersection 
4CC is provided. In the Figure 10 embodiment, t second inter^sction 64 »nd two 
additional resetvoir* 60 and 62 irc abo provided to overcome the problems with 
reversing the flow in the separation chanacL 

Like the previous embodiments, the analyte injector system IOC can be 
used to implement an analyte separation by dcorophoresia or chromatography or 
dispense material into some other processing element. In the laboratory system lOC. the 
reservoir 12C contains sepanting buflfcr, reserwjir 16C comains the analyte. and 
reservoirs 18C and 20C are waste reservoirs. Intersection 40C prcfe ibly is operated in 
the pinched mode as in the embodiment shown m Figure 6. The lower intenection 64. in 
fluid comraunication with reservoirs 60 and 62, are used to provide additional flow so 
that a contimious buffer stream can be directed down towards the uastc reservoir 20C 
„d, when needed, upwards toward the injection intersection 40C. Reservoir 60 and 
attached channel 56 arc not necessary, although they improve performance by reducing 
band broadening as a phig passes the lower intersection 64. In rosny cases, the flow 
from reservoir 60 will be symmetric with that fi-om reservoir 62. 

Figure 11 is an enlarged view of the two intersections 40C and 64. The 
different types of arrows show the flow directions at given iostanccs in time for injection 
20 of a phig of analyte into the separation channel. The solid arrows show the initial flow 
pattern where the analyte is dectroktnetically pumped into the upp-a- intersection 40C 
and -pinched" by material flow from reservoirs 12C. 60. and 62 toward this same 
interscctioa Flow away from the injection intersection 40C is c^iried to the analyte 
waste reservoir 18C. The analyte is also flowing from the reservoir 16C to the analyte 
waste reservoir 18C. Under these conditions, flow from reservoir 60 (and reservoir 62) 
is also go-mg down the separation channel 340 to the waste reservoir 20C. Such a flow 
pattern is created by simultaneously controUing the electrical potentials at all six 

rcscrvoira. 

A plug of the analyte is injected through the injectan intersection 4aL 
into the separation channel 34C by switchbg to the flow profde shown by the short 
dashed arrows. Buffer flows down from reservoir 12C to the injeciion intersecuon 40C 
and towards reservoirs 16C. 18C and 20C. This flow profile also pushes the analyte 
plug toward waste reservoir 20C into the separation channel 34C « described before. 
This flow profile is held for a sufficient length of time so as to move the analyte plug past 
the lower intersection 64. The flow of buffer from reservoirs 60 and 62 should be low as 
indicated by the short arrow and into the separation channel 34C to niinimize distortion. 
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separation of rhodaminc B Qcss retained) and sulfbrbodamiac (mere retained) using the 
foOowing conditions: Em=400V/cni, E^-150V/ctn, burFv^r = 50 mM jodiura 
tetraborate at pH 9.2. The CCD images demonstrate the separation procesa at 1 second 
intervals, with Figure 13(a) showing a ichematic of the section of the chip imaged, and 
with Figures 13(b)-13(e) ahowbg the separation un&UL 

Figure 13(b) again ihows the ptfKhcd injection with the applied voltages 
at reservoirs 12D. 16D. and 20D equal and reservoir 18D ground-al. Figures 13(c>- 
13(e) shows the plug moving away from the intersection at 1. 2, and 3 seconds, 
respectively, after switching to the run mode. In Figure 13(cX tlic injection phjg a 
migrating around a 90* turn, and band distortion is visible due to the inner portion of the 
plug traveling less dbtance than the outer portion. By Figure 13(di, the analytes have 
separated into distinct bands, which are distorted in the shape of a piraDclogram. In 
Figure 13(e), the bands are wcQ separated and have attained a more rectangular shape. 
Le., collapsing of the parallelogram, due to radial diffiision, an additiunal contribution to 
15 efficiency loss. 

When the switch is made from the load mode to the run mode, a clean 
break of the injection plug from the analyte stream is desired to avoid tailing. This is 
achieved by pumping the mobile phase or buffer from channel 26D into channels 30D. 
32D. and 34D simullaneously by maintaining the potential at the intersection 40D below 

20 the ^tcntial of reservoir 12D and above the potentials of reservoirs 16D, 18D, and 20D. 

In the representative experiments described herein, liie intersection 40D 
was maintained at 66% of the potential of reservoir 12D during tlie run mode. This 
provided suffidcnt flow of the analyte back away from the injection intersection 40D 
down channels 30D and 32D without decreasing the field strength in the separation 

25 channel 34D significantly. Alternate channel designs would aflow a greater fracUon of 
the potential applied at reservoir 12D to be dropped across the separation channel 34D. 

thereby irnproving efficiency. 

This three way flow is demonstrated in Figures 13(c)-l3(e) as the 
analytes in channels 30D and 320 Ocft and right, respectively) movi further away from 
the intersection with time. Three way flow permits wcfl-ddined. reproducible injections 
with minimal bleed of the analyte into the separation channel 34D. 



30 



In most applications envisaged for these integrated microsystems for 
35 chemical analy^ or synthesis it will be necessary to quantify the material present m a 
channel at one or more positions similar to conventional labo-atory measurement 
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disadvantage of rtlativdy poor senaiivity. Sensitivity ius been increased through 
surfK8 enhanced Raman spectroscopy (SERS) cfifects but only u the research levd. 
Electrical or electrochemical detection approaches are also of partiaiUr interest for 
implememation on microchip devices due to the case of mtegration onto a 
micnj6faricatcd stmcturt and the potcntiany high sensitivity that can be attained. The 
most general approach to electrical quantification is a cooductometric measurement, Le.. 
a measurement of the conductivity of an iomc sample. Tbc prescv» of an ionized 
analyte can correspondingly inaeasc the conductivity .of a fluid and thus allow 
quantification. Amperiometric measurements imply the measuremtnt of the current 
through an electrode at a given electrical potcnUal due to the reduction or oxidation of a 
.nolecule at the electrode. Some selectivity can be obtained by controlling the potential 
of the electrode but H is minimal. Amperiometric detection is a less general technique 
than conductivity because not all molecules can be reduced or oxidized within the hmrted 
potentials that can be used with common solvents. Sensitivities in the I nM range have 
been demonstrated in small volumes (10 nL). The other advantage of this technique >s 
that the number of electrons measured (through the current) is equal to the member of 
molecules present. The electrodes required for other of these detection methods can be 
included on a microfebricated device through a photoUthographic pettcrrung and metal 
deposition process. Electrodes could also be used to initiate a chemiluminescence 
detection process, i.e., an excited sute molecule is generated via an oxidat.on-reducUon 
process which then transfer^' its energy to an analyte molecule. «ibs^uently emittmg a 

photon that is detected. 

Acoustic measurements can also be used for quamiFcation of matcnals 

but have not been widely used to date. One method that has been u.^ ?^^y^^[^ 
:5 phase detection b the attemiation or phase shift of a surface acoustic wave (S W 
Adsorption of material to the surface of a substrate where a SAW is propagating affects 
the propagation charaaeristics and allows a concentration determination Selective 
sorbents on the surfece of the SAW device are often used. Similar techniques may be 
useful in the devices described herein. 
30 The mixing capabiT.ties of the miaochip laboratoo' systems described 

herein lend themselves to detection processes that include the addi-ion of one or mo. 
reagents. Dcrivatization reactions are commonly used b biochemical assays. Fo 
«lple. an.no adds, peptides and proteins are commonly lab.cd da^l^ 
reagents or o-phthaldialdehyde to produce fluorescent molccu.es tiiat are easi y 
35 detectable Alternatively, an «^ couid be used as a labeling mclc^le and reagcms. 
including substrate, could be added to provide an enzyme amplified detection schema 
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an ionic itrength that is less than that of the running buffer. BuIRr ii transported by 
dcctroosraosis from the buflFcr reservoir 16D towards both the analyte waste and waste 
reservoirs 18D, 20D. Ttiis buffer jtream prevents the aoifytc fron bleeding into the 
separation channel 34D. Within a representative embodiment, the r-iaiive potcntiali at 
thebuflfer, analyte. inalytB waste and waste reservoirs are I. 0.9. 0.7 and 0, raspcctivdy. 
For 1 kV applied to the rwcrodiip. the field strengths in the buB«r. analyte, analyte 
waste, and separation channels during the separation are 170. 130. 180, and 120 V/cm, 
respcctivdy. 

To inject the analyte onto the separation channel 34D. the potential at the 
buffer reservoir 16D is floated (opening of the high vohagc switch) lor a brief period of 
time (0.1 to 10 s), and analyte migrates into the separation channel. For 1 kV appUed to 
the microchip, the field strengths in the buffer, sample, sample waste, and separation 
channels during the injection arc G, 240. 120. and 1 10 V/cm. respcctivdy. To break off 
the analyte plug, the potential at the buffer reservoir 16D is reappUed (dosing of a high 
15 voltage switch). The volume of the analyte plug u a fijnction of the injection time, 
dcctric 5dd strength, and dectrophoretic raobilhy. 

The separation buffer and analyte compositions can be quite different, yet 
with the gated injections the integrity of both the analyte and bulfe streams can be 
altematdy maintained in the separation dumnd 34D to paform the stacking operation. 
20 The analyte stacking depends on the relative conductivity of the separation buffer to 
analyte. Y- For example, with a 5 mM separation buffer an-i a 0.516 mM sample (0.016 
mM dansyl-lysine and 0.5 mM sample buffer^ Y « equal to 9.7. Figure 14 shows two 
injection proffles for didansyl-lyine injected for 2 s with y equal to 0.97 and 9.7. The 
injection profile with y « 0.97 (the separation and sample buffers are both 5 mM) shows 
25 nostadcing. The second profile with y = 9.7 shows a modest enhancement of 3.5 for 
relative peak hdghts over the injection with y - 0.97. Didansyl-lys.ne is an aidon, and 
thus stada at the rear boundary of the sample buffer plug. In addition to increasing the 

analyte concentration, the spatial ortcnt of the plug is co:.fined. The injection profile 

with Y - 9.7 » width at half-hdght of 0.41 s, while the injection f-rofile with y - 0 97 
has a width at half-hdght of 1.88 s. The dcctric fidd strength in tho separation channd 
34D during the injection Cmjcction field strength) is 95% of the deciric field strength m 
the separation diannd during the separation (separation fidd strent-th). These profiles 
are measured while the separation fidd strength is applied. For an iiecuon time of 2 s, 
an irgection plug width of 1 .9 s is expected for y - 0.97. 
35 The concentration enhancement due to stacking was evaluated for several 

sample plug lengths and rdative conductivities of the separation buficr and analyte. The 
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«t (i) 3.3 an. (b) 9.9 cm. and (c) 16-5 an from the point of injection for Aodamine B 
Oess rtuuxici) ind wlfori»d«nrinc (more retained). These were tikcn usins the 
foUo^ condition: injeoioa type was pincfaed. E^ = SOOV/on, E.. « 170 V/on. 
buficf - 50 mM sodium tcti3bonie it pH 92. To ofattin eJectroiiherognms m the 
5 convaitional manner, single point dctectioo with the heD^ 
ujed at different locations down the Kis of the scparition cham^ 

An important measure of the utflity of a separation i>ttem is the number 
of plates gaierated per unit time, as given by the formula 

where N is the number of theoretical pUtei, l is the separation time, L is the length of the 
separation column, and H is the height equivalent to a tl^oretical plaic. The plate 
height, H, can be written as 



15 



H=»A + B/u 



20 



where A U the sum of the contributions from the ii^ection plug teg Ji and the detector 
path length. B is equal to 2D. where D. is the diffi:=on coefficient tor the ^izlyte m the 
bufier and u is the Dncar vdodly of the analyte. 

Combining the two equations above and substituting u - ^lE where ^ is 
the effective electrophoretic mobility of the analyte and E is the el^rtric field suength. 
the plates per unit time can be expressed as a fimction of the electric field stratgth: 



At low electric field strengths when axial diffiiaon is the dominant form 
of band dispersion, the term ApE is small re'-aUve to B and consequcnUy. the number of 
plates per second increases with the square of the electric field strcnalh. 

As the electric field strength increases, the phUe height approaches a 
30 constant value, and the plates per unit Ume increases linearly with the d^j fi^d 
strength because B is small reladve to AjiE. It is thus advamageous to have A as small 
as possible, a benefit of the pinched injection scheme. , , , n ^ 

The efficiency of-the dectrophorectic separation of rhodamme B and 
sulforhodamine at to. evenly spaced positions was monitored, each consatutmg a 
35 «Le experimoTt At 16.5 on from the pouu of n^ectio^ the effiaenctes of 
Z^ne B «.d sulforhodamine are 38.100 and 29.000 oUtes, respectwety. 
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„perin«td datt «d ftc c^=ul3tt<l m^.- fcr *o^ne B . the U., »m 
sqmtiOTtaisth. TtoUpnmarily*.etooq«m«Ulaioc. 

«p^. unctarscd .pedes. AJl n««l ^=c« in . p«ticj« »m,.U: »1I h« 

Wcao' lOD d^owa in Psor. 12 c« aho b. m«l to pofonn clcc«.ctao=ia«Jo 
, ±^.«„ac6o^'^ Top«rfbnn^dKd=c.rochroa»-.OBnph,.*e»&=c=f*c 
,0 ^onchW34Dw«P-cpamlb,chanic,ay Wing. a.«r,= ph.se 

L„«: Ac dunnel.. The sep^ation =l»n«l ^ "cW »«h 1 M 30<i,an, hy<lro«.<l= 

„hne pursing wi* helium . 8»g= P«-re of .pp™m,«ly SO kP. A 25% wA^ 

^p^r^ion ehannd »nh over p»«r. of heBun, . .pp— , ^^^7^ °^ 
ni«o,e w« pumped eo«i«ou^y in- *e column 
T -rio^ « 1I5-C The ch.n,.eU A»ed »ith toluene Ml *«" 

r Jir*e un«ac«l ODS. The l.bo«o,y ^ lOD w« used - 
acetonrtnle to remove mc unraacu ^ rr-UOl 

20 perfo™ e,ee.ro*om.ogr,phy on .n ""^^f "^^oTm 

fcr the diec. Ouoreseem me.^«me«.. of A. ^.nmons »d . ""7* 
ILen. of .he «>id dm. A t«™bo«e ...Te, (10 mM. pH 

0 2^ with 25% (vMacdonhrile was the buffer. 

,.2, «,U, 25 C ) ^ ^^^^ , 

„„de .nd . «p.-tion («n, mode u descnW .bo« »i.h .ospect to ^^^^ 
Z^e U into the i-^ection ao. ™ • ft=nul — ^n. "j;*^ ^ 

IZ^e rese^oir 16D u= the .n*te »«. r«e.voir 18D. «rf otce 4e front of the 

Tt.Trji.ch to the «p3nU=a mode, the appBed potcnUJ. .Te reconfigured, for 
30 .nalyzed. To to tte p ^^^^.^^ 

■""^ "r fort^a^ ^i. .^m the hu.rer re.e.0- I2D to the w=ste 
"^^. Zt I* .o ^ec . ^ .naiyte ph-S <bc -P-.i=n ch«,ne. 34D 
; B llTof the excess ^.^e !«" -he sep».t,on channd. the „,.y.e .nd 
md to prevent Weeding of tne excess , „r the notential ipplicd to 

35 ,he»»ly<.»«.= «=««'"''°'"°"'"°'""^ 
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The microchip Ubocaiory lystcn) lOD w»s operaietl in the "pinched 
injection" mode described previously. The voluge, ^lied to the reservoirs are .et to 
either loading mode or i "nin" (Kpaiation) mode. In tl« loadir:j mode, i frontaJ 
chromitogram of the ttlutioa in the .nalyte re«rvoir 16D b pumped electroo«notic*Uy 
5 thit^gh the intersection md into the ««lyte w«te re«rvo5r 18D. Voltages applied to 
the buffer «nd waste reservoirs also cause weak flows mto the int^cction from the 
sides, and then into the analyte waste rrsavoir 18D. The chip ranainj in this mode until 
the slowest moving ccmpoaent of the analyte ha. passed through th. intersection 40D. 
At this point, the analyte plug in the intersection i. rtpnaentaiive of liie «ulyte sohitton. 

10 with no dectrokinetic bias. ^ 

An injection is made by switching the chip to the run mode wbch 

changes the voltages applied to the reservoir, such that buffer now flows from the buffer 
rese^ir 12D through the mtersection 40D into the separation channel 34D toward the 
waste reservoir 20D. The plug of analyte that was in the intersection 40D is swept mto 
15 the separation channel 34D. Proportionately lower voltages are applied to the ar^ytc 
waste reservoirs I6D. 18D to cause a weak flow of buTer from the buffer 
reservoir 12D into these channels. These flows ensure thnt the sar.ple phig .s cleanly 
■ -broken off" from the analyte stream, and that no excess analyte leak, 'mto the separation 

channel during the analysis. ^ ^,cn a rAf^n 

,0 nte results of theMECC analysis of a mixture of C.'iO. C450. and C460 

are shown m F.gure 20. The peaks were identified by individual .,^yses of each^- 
The migration time stability of the fir^t peak, C440. with changing meth^ 
concentration was a strong Indicator that this dye did not partition into the micdles to 
significant extent. Ther^re it was considered an electroosmou. flow marker v.th 
signmcam ^ C460. was assumed to be a ma-lcer for the m.cellar 

25 migration time lO. The last pcax, . . ^ jO. the 

• tirt^^ tm Using these values of tO and Un from the data m riguic x . 

nugranon tnne. tm. q ,3 ^ ^ «dl with a liter ature value of tO/un 

calculated dution range, tO/tm. IS u.'^ J. ini»<iy 

. 0 4 for . .milar buffer ^an. ^ suppon. our .^umpBo. T,»» «mp=.r. 
wdl «ith conv«-ion.l MECC pcrfomcd in c3piW= ^ aUo sho« ^"5= 

I. „o ^ ~f.Sca.ion of *c w^s is n^a^ .nd .h. «auona,y ph.= . 
condnaously refholKd during ctpeAnents. 
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4^ tor«u« lb. 0.48, 0.23. 0.59 find of Zn, Cd, »d M ,=p«:dvd,. « «>,«=d 
onto tl« «I.«3ft>n cobnm. Tl" tq.roducibiH.)r of d,c «j««d ^ ..«•/. 

„d (pcnmt rd«ivc d<^) " by poV «rc« (6 r=pl.«= 

TteaiiEty of the luer used to crate the complexes ,j=H4od. TV 
5 deterfooBnto«U..nnge«l«e,«iul«3ly«c«.bepcrfon~d. 

p^l^- ^^nirioi rM"-^ Reactor „ Th, 

■ Ankenatemicrodlip tabontoiy .ySem lOE is ihown m Figure 22. Tic 

fiv^rt p«.«« of ch«n^ U di^«d on . ^e 49E ...d with . ^J^''^^ 
10 „Ttke previoudy-d.«rib«i embo<&nen... The nicroch,p Ubo.«o.y ^a. lOE 
e^dut^t ^ f^nc««i ush,g «nd.rf pho.oW»s.3pWc «, ch^^ etch^^ »^ 
bonding techrique.. A photo^sk w« Sbnoted by .ponotag P° ^^"^ 

g,„ did. «.d .bating the ^ design into the duome Sin v. . ^^^-^ 
Lion (Re»«tic.. I-). The ch^ design w.. then ..^erred omo the 
,5 ri^^usingrposiUvephoW- The ch,™^ «re etched in. o the «,bs«.e n. . 
dOute HI7>n.J b..h. To fonn the «p.«io. ch^nd J4E. . cov^ to w« bond^^ 

tb. sobsf-e over the etched ctannds a^g . direct """T 
wetehvdrotaed in dilute NH.O»HA sobtion. nn«d m daooized. filtered It.,o,ne<l 
Z tJintl « 50O-C. Cylindn^l ^ ™ — .ffi..ed on ^ ^ 
20 ming RTV silicone (made by Geneal Electric). PWnun, decrode. p-ovtded dectno 
^It-fro™ the voltage conttoUer 46E (Spdtau. CZEIOOOR, to the solufons .n the 

"^"^ The channd 2SE U in one embodiment 2.7 mm in '.enslh Som the fi« 
^olr t2E to the inten^ition 40E, whJe the ch«mel JOE U 1.0 n^. |nd *c *rd 
25 3 32E is 6.7 tnn. The .ep««ion chan«I J4E is .nodified to be only 7.0 ™n » 
STdue to the addition of. reagent rcservo'. 22E which ,»s . .eag»t ch^ WE 

sepantion channel 34E U measured fton, th« intersection 40E to the "-"S 
Channel 56 emending from the mixing tee 44E to the waste n=ervo.r 20E <s the 

lcnjrth.TheIcngthofthcreagcntchanncl36Eisll.6mm. 

Ta representative example, the Figure 72 exnbod.ment was used to 
, . the scoaration was monitored on-micro^'iiip via fluorescence 
an analytc ^ «,,,Jon. The 

u.nB «t argon .on ^^^^^ (p,^. orid 77340) for 

35 fi"0^«^=««Sn^^'^ , . , .CCD Princeton Instruments. Inc. 

point detection and a charge coupled dcv.ce (CCD. 
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point dsUction sohcmc at distances of 6 nun and 8 mm from the tnjtxticn cross, of 1 iiuu 
upstream and I mm dovwutream from the mbdhg tee. This provided infonnalion on the 
eflfed* of the mbcing of the two ttretras. 

The electric field strengths in the reagait cohimn and the lepararion 
column were approxinuitely equal, and the fidd itmigth in the reaction column was 
twice that of the iqaration cohnnn. Thia configuration of the applied vohages allowed 
an approximately 1:1 volume ratio of dcrivatizing reagent and effluent from the 
separation column. As the fidd strengths increased, the dcgrtc of turbulence at the 
mbdng tee increased. At the separation distance of 6 mm (Imn upstream fixjm the 
mbcing tec), the plate hdght as expected as the mversc of the linear vdodty of the 
analyte. At the separation distance of 8 mm (1 mm upstiram from the mixing tee), the 
plate hdght data decreased as expected as the inverse of ihe velocicy of the analyze. At 
the separation distance of 8 mm (1 mm downstream from the niixing tecX the plate 
hdght data decreases from 140 V/cm to 280 V/cm to 1400 V/cm- This behavior is 
15 abnormal and demonstrates a band broadening phenomena when iwo sffeams of equal 
volumes converge The geometry of the mixing tec was not optin^izcd to minimize this 
band distortion. Above jcparalion fidd strength of 840 V/cm. the system stabilizes and 
agsun the plate hdght decreases with increasing linear vdodty. F<3r E«, - MOO V/cm. 
the ratio of the plate hdghls at the 8 mm and 6 mm separation lengths is 1.22 which is 
20 not an unacceptable loss in efliciency for the separation. 

The intensity of the fluorescence signal generated from the reaction of 
OPA with an amino add was tested by continuously pumpuii glycine down the 
separation channd to mix with the OPA at the mbdng tee. The Huorescence signal from 
the OPA/amino arid reaction was collected using a CCD as the produrt moved 
25 downstream from the mixing tee. Again, the rdative volume ritio of the OPA and 
glycine streams was 1.125. OPA has a typical half-time of reaction with amino adds of 
4 s. The average residence times of an analyte molecule m the window of observation arc 
4.68 2.34, 1.17, and 0.58 s for the electric Gdd strengths in the n aclion cohimn (En^) 
of 240, 480. 960. and 1920 V/cm, respectivdy. The rdati\-c intensities of the 
30 fluorescence correspond qualitatlvdy to this 4 s half-time of miction. As the fidd 
strength increases in the reaction channd. the slope and maximum of the intensity of the 
fluorescence shifts further downstream because the glycine and OPA are swept away 
from the mbcing tec fiister with higher fidd strengths. Ideally, the cbservcd fluorescence 
fixjm the product would have a step fimaion of a response following the mixing of the 
35 separation effluent and dcrivatizing reagent. However, the kinetics of the reaction and t 
finite rate of mbdng dominated by difiusion prevent this from occurring. 
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elcorophoretic separations whh « integrated post-scpamion rentier, chanod 56 m a 
«nglc monoBthic device cnabUng extremely low volume exch«igcs mdividud 
channel functions. 

5 Pr^<}f n^ration r ^'unH R^ct'o" Svgan 

Instead of the pdt-sqjaration channel reactor design all jvm m Figure 22, 
the micn^chip laboratory -ystem lOF .hown in Pgu«25 includes a pr^separation 
channel reactor. The pre-separation channel rtaaor design shown in Figure 25 is similar 
to that *own in F.g.re 1, except that the fir,t ^ second chamois 26F^ZSF fonn a 

10 Wpost" design with the reaction dumber 42F rather than the -V design of 
C T The ruction chamber 42F was dCgned to be wider fnan the «parat.oa 
cllel 34F to give lower electric field strengt'os in tl. reaction <^^- ^^^'^ 
residence times for th. reagents. The reaction chamber is 96 ,m w.d« at lul^depth ^ 
6^ ^^, deep, and the separation channd 34F is 31 .n, ^de at half-depth ^ 6.2 

The microchip Uboratory system lOF was used to perform on-line pre- 

.paxation dunnel reactions coupled with electropWic analysis ^ r^^ 
Trl^. Here, the reactor is operated continuously with small ahquots mt^d^c^ 
periodically into the separation d,annd 34F using t^ gated 6spcn.. 
Ti L.nF.crure3 The operation oflhe microchip consists of three dements, the 

dcnvaiizai o senajition/ detection of the components of the 

T Id O.^ (5.1 ™M : Si^ Chc™. Co.)^ The bdf. b, ^ of *c 

^■o^ha.ol. 2.n«rcp,oCh™l U ^^.d ,o *. b„fe » • -ciocg .E=n. for ,he 

derivatization reaction. • mf i6F 18F and 20F 

To implement the reaction the reservotn 12F. 14F. ^^^^f . an 

separation diannd 34t ^-'"^ ^^naration diamid wl-en using the gated 

• W/^ine of the product into the separauon a»jui« o 

s,g„,fian. '''•^ " J ^ „ ^^n* the potent^ . appW " 
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... • ^A. iniectcd onto the scparatioQ diannd 34F. The gited injector 
20 finol of the amino aadsu^ectca onto uic>H^ 

2unnoioiu to w^n^ade In thupinkular case, an Btal^ 

TO. tead. «. dorter "T^;, .ppBed » .he miaochip, fl>c 

U due pnmril, » the „f gp^ u^cd .o obttin pseud.^ 

„.bia.,e., for .he -d,. A,»*M _^ ^ ^ ^^^^ 

20 firfl order reacflon eondH»«. ^ ""^T , . „ ., f„a™ri„«uJO.ll s"' 

---^*«—:;t:oTJ^o:om::6." 
oTrrrr::.- . . pre... ^.d fo, .^^^ w. 

a^t„^utio^ speed T-d volume for chendcal reaa»m. 

30 

S-^^^To do^onsuate a u^. «o,o^. ana^y^s pro^edur. a ««icUou 
hioeherrd., '-"^''-^^tToO^^^ >^-^ 

" rrr::.i::-r::r.n:3.oof.e.a..o..c..oo 
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Lcdcn <h»ba ccunur^ure- .0 U.C DNA .nd »z,mc during ,!« lo^g o the 
action chaniw. The digotion is pafonncd tt^xallir by m^'^ H dccWcJ 

ofdieDNAltaoaghtheriaaiondaniber. 

Follovra.8 *« *° "'° 

«.ar«ion channd 34F fcf w^sU by flctiag the vchlg« to the h-to »d waste 1 
rlvoirs 16F. .8F. m i.jec.ion has . „,obiU.y bias whe., the smsUer fta^ - 
injects! in 6vor of the laxger ftagments. In these ocpetunents the in,ecnea p^^g l^h 

, for the 75- base pair (bp) fiapne" " ^ ° " ™" ^ 

CentoniyOr™. These f^g ^g*s coTCspo^- 34'/. «d 22% o^.^ reactto. 
Svotmc respectively. The entire c=™«ts of .1. reaction e'san^e, «F cannot 
r.r3e,. .epar-ioe conditions becse the co«*„:^n of the .;ect.on 
phig length to the plate hei^ would be overwhehmng ^ . 

, Fallowing digestion ««i i.««:.ion onto the «,«at,on channel 34F, the 

frapne*. are resolved ,«ng 1.0-/. (w/v) M-xye.1,1 ceDulose " 
fZ^JO shows d«roph«op.m of the ^strioion ft.sn«.,.s of the plasnud 
prJ^ foBowing a 2 n^ digestion hy the ^ K»f To cnabi. ^ on^ 
• ■ colutnn stoning of the doubl^straoded DNA aft^ digestion hut pr«r to '^'^ 
,0 ^r.rlatin5 dye. T0TO-. (I ^. » plac«i the waste 2 r^n 20G only a^ 
rtgSe, count— t^the DNA As «peae4 the rdativ. in-en^ty of 
JL with mcreasing ^ - becattse .note mtercaUtion ... «»" 
ft.g»«,t. Tl» unresolv^i 220^21 and 507/5.1*^ 6agn«nts ha..g ^f^f^^^ 
*r.di.ca,t sin^e ftagn^ pealcs due to the baM overlap. The rcprodua^^ of the 

'^•^^r-drrr oTTochip Uho^tory systcr., .00 ^ pcrfoo. 
pUsnii DNA testdction analysis indices the possWitv 

••„, more sophisticated biochemicd procedures Ttas e<pe™»nt represents 

Ubds the product. ^ ^^y^ the product ^^^^"^^^^^^ 
cormimSng 10.000 tnres lcs5 cnaienal than the typ.d small velum 

procedure. ^ different fluids 

In BcneraL the present mvention can be usca w nu* 
" .nraincd U. diT^Ports or reservoirs. This could be used for a ,.u,d 
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a givtn reservoir. The fidd strength can be calculated from the appKcd voltage and the 
characteristics of the channel. In addhioo, the resistance or coadui.tance of the fluid in 
the channels must also be known. 

The resistance of a ciiannd b given by equador 2 where R is the 
5 resistance, k Is the resistivity, L is the length of the channel, and A is the cross-sectional 
area. 

10 Fluids are usually characterized by conductance which Ls just the 

reciprocal of the resistance as shown in equation 3. In equation 7\ K is the electrical 
conductance, p is the conductivity, A is the cross-scctional area, arxi L is the length as 
above. 

■5 K-A 



Using ohms law and equations 2 and 3 we can write the field strength in a 
given channel, i, in terms of the voltage drop across that channel divided by its length 
which Is equal to the airrent, Ij through channel i times the resisiivity of that channel 
divided by the cross-sectional area as shown in equation 4. 



20 



^-.^n. t, 



Thus, if the channd is both dimaxsionilly and dearically characterized, 
the voltage drop across the channel or the current through the chmaci can be used to 
determine the solvent vdodty or flow rate through that chanr.el aa,: expressed in 
25 equation 5. It is also noted that fluid flow depends on the reta potential of the surfece 
and thus on the chanical make-ups of the fluid and sur&ce. 



Vj < Ij < Flow 
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function of time so that the proportions of sohrenls 1 trd 2 «rc changed from a 
docrinance of solvent 1 to mostly solvent 2. This is shown in Figure 31(c). The Utter 
monotonic change in appEed vohage efiixts the gradient eluiion Uquid chromatognq)fay 
ocpeximenL Ai the isolated components pass the reagent addJaon channd 36. 
5 appropriate reaction can Uke pUce between this reagem and the is^ilrted 

form a detectable spedes, ^ 
Figure 32 shows how the voltages to the various rescrvoin arc changed 
for a hypothetical gradient chition experiment. The voltages shown in this diagram only 
indicate relative magnitudes and not absolute voltages. In the loading mode of 

10 operation, static vokagcs are applied to the various reservoirs. Soh-ort flow from all 
n^servoirs except the reagent reservoir 22 is towards the analyte waste reservoir 18. 
Thus, the analyte reservoir 18 is at the lowest potential and all the other reservoirs are al 
higher potential. The potential at the reagent reservoir should be suR-.ciently below that 
of the waste reservoir 20 to provide only a slight flow towards the reagent reservoir. 

15 The voltage at the second soNent reservoir 14 should be suffidently great in magnrtude 
to provide a net flow towards the injection imenecdon 40. but the flow should be a low 

magnitude. , , , 

In moving to the run (start) mode depicted in Figure 3 1(b). the potentials 

are readjusted as indicated in Figure 32. flow now is such that tlx solvent from the 

20 solvents reservoirs 12 and 14 is moving down the separation diannd 34 towards the 

>.aste reservoir 20. There is also a slight flow of solvent away from the mjcction 

intersection 40 towards the analyte and analyte waste reservoirs 16 and 18 «ad 

appropriate flow of reagent from the reagent reservoir 22 into the separation d»nnel34^ 

The waste reservoir 20 now needs to be at the minimum potential and the first soWait 

25 reservoir 12 at the maximum potential. All other potentials are adjusted to provide the 

fluid flow directions and magnitudes u indicated in Figure 31(b). Also, as shown m 

Figure 32, the voltages applied to the solvent reservoirs 12 and H are monotonically 

changed to move from the conditions of a Urge mole fraction of solvent I to a large 

mole fraction of solvent 2. . j 

30 At the end of the solvent programming run. the devxe is now ready to 

switch back to the inject condition to load another sample. T^. voltage variaUons 
rf.own in Hgu.^ 32 are only to be illustrative of what might be done to provide the 
various fluid flows in Figures 31(a).(c). In an actual experiment «me to the various 
voluges may weU differ in relative magnitude. 
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1. A microchip laboratory system for analyzing or synthesizing chemical 
material, comprising: 

a body having integrated channels connecting a plurality of reservoirs, wherein at 
least five of the reservoirs simultaneously have a controlled electrical potential associated 
therewith, such that material from at least one of the reservoirs is transported through the channels 
toward at least one of the other reservoirs to provide exposure to one or more selected chemical 
or physical environments, thereby resulting in the synthesis or analysis of the chemical material, 

2. The system of claim 1 wherein the material transported is a fluid. 

3. The system of claim 1. further comprising: 

a first intersection of channels connecting at least three of the reservoin; and 
means for mixing materials from two of the reservoirs at the first intersection. 

4. The system of claim 3 wherein the mixing means includes means for 
producing an electrical potential at the first intersection that is less than the electrical potential at 
each of the two reservoirs from which the materials to be mixed originate. 

5. - The system of claim 1, further comprising: 

a first intersection of channels connecting first, second, third, and fourth reservoirs; 

and 

means for controlling the volume of a first material transported from the first 
reservoir to the second reservoir through the first intersection by transporting a second material 
from the third reservoir through the first intersection. 

6. The system of claim 5 wherein the controlling means includes means for 
transporting the second material through the first intersection toward the second and fourth 
reservoirs, 

7. The system of claim 5 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 
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forming a first intersection wherein at least three of the reservoirs simultaneously have a controlled 
electrical potential associated therewith such that the volume of material transported from a first 
reservoir to a second reservoir through the fint intersection is selectively controlled solely by the 
movement of a material from a third reservoir through the first intersection toward another 
reservoir. 

15. The system of claim 14 wherein the material transported is a fluid. 

16. The system of claim 14, further comprising: 

controlling means for transporting the second nuterial from the third reservoir 
through the first intersection toward the second reservoir, 

17. The system of claim 16 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 
the first material from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
reservoir. 

18. The system of claim 16 wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously transports the first and second materials from the first intersection toward the 
second reservoir. " 

19. The system of claim 14 wherein the integrated channels include a first 
channel connecting the first and second reservoirs, a second channel connecting the third reservoir 
with a fourth reservoir in a manner that forms a first intersection with the first channel, and a third 
channel that connects a fifth reservoir with the second channel at a location between the first 
intersection and the fourth reservoir. 

20. The system of claim 19, further comprising: 

mixing means for mixing material from the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

21. The system of claim 19 wherein the third channel crosses the second channel 
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after a selected time period, simultaneously applying an electrical potential to each 
of the four reservoirs in a manner that inhibits the movement of the first material through the 
intersection toward the third reservoir. 
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FIG. 3 
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FIG. 9 
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FIG. 12 




SUBSTITUTE SHEET (RULE 2S) 



wo 96/04547 



10/21 



PCr/US95/0?492 



FIG. 14 
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FIG. 17(c) 
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